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1. INTRODUCTION
1# Object and Scope of Tests
Previous experimental studies conducted at the University of
Illinois on two-span continuous I-beam bridges indicated a need for
further investigation of the portion of the floor slab over the center
pier of the continuous bridge.
This thesis reports the results of tests on four continuous
reinforced concrete slabs which simulated the above-mentioned portion of
the bridge floor. The only variable in these tests \*as the amount and
the ratio of the positive to the negative transverse moment reinforcement.
The objects of the tests were as follows:
(1) To determine the effect of the ratio of positive to
negative reinforcement on the manner and degree of
cracking.
(2) To determine the ultimate capacity of the slabs.
(3) To determine the most efficient ratio of positive
to negative reinforcement.
2, Acknowledgment
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F, X. Blechinger, "Tests of Continuous Reinforced Concrete Slabs Under
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II* DESCRIPTION OF TEST SLABS AND APPARATUS
3. Description of Test Sl^bs
The test slabs may be considered as half-scale models of the
portion of the slab floor over the center pier of a continuous I-beam
bridge. Since the beams cannot deflect over a pier, this condition was
simulated by supporting the slabs on five concrete piers which had steel
bearing plates grouted on top of them to represent the top flanges of the
I-beams. The piers rested on the floor of the laboratory. Details such
as curbs ; sidewalks, handrails and crown were omitted.
The slabs were not designed for any specific H-truck loading,
but rather were scaled down from standard designs. The beam spacing of
3 ft, the slab depth of 3k in., and the steel bearing plate width of
5 in, were chosen as being representative half-scale dimensions. With
these dimensions established, slab S-l was provided with the proper amount
of transverse reinforcement to give a balanced design for the allowable
stresses of f = 1000 psi and f = 20,000 psi. The same amount of rein-
forcement was provided in both the positive and negative moment regions
of the slab. Slabs S-2 and S-3 had the same total amount of reinforce-
ment but the ratio of positive to negative reinforcement was arbitrarily
varied as shown in the table below. Slab S-4. had two thirds of the total
reinforcement provided for the other slabs, equally divided between the
positive and negative sections.

Slab Ratio of Positive to Negative Reinforcement
S-l 1.00 : l a 00
S-2 I.33 : 0.67
S-3 o67 : 1.33
S-4. 0,67 : 0.67
Slabs S-3 and S-4 thus had an equal amount of reinforcement in
their positive moment sections, and slabs S-2 and S-4 had an equal amount
of reinforcement in their negative moment sections. The reinforcement
in slabs S-l snd S-4 was equally divided between the two sections, the
total amount in slab S-4. being two-thirds of that in slab S-l.
The width of the slab in the longitudinal direction was taken
as 8 ft, which was thought to be great enough that the effects of the
edges might be ignored. The details of the test slabs are given in
Table 1 and Figs. 1, 2 and 3 and the longitudinal cross sections in
Fig. 4..
Throughout this thesis the term "transverse" refers to a direc-
tion perpendicular to the supports and the term "longitudinal" to a
direction parallel to the supports. This terminology corresponds to that
of a continuous bridge.
4- • Materials and Construction of Test Slabs
The slab reinforcement consisted of deformed intermediate grade
No. 3 (3/8-in. nominal diameter) bars meeting ASTM Designation A305-50T.
The physical properties of the reinforcement are given in Table 2. The
longitudinal bars were 7 ft-10 in. long and the transverse bars were

12 ft-2 in. long with straight ends. None of the bars were bent and all
extended the full length or width of the slab.
The concrete for the slabs was made with Type I portland cement,
V/abash River Valley Torpedo sand, and Wabash River Valley gravel. The
cement-aggregate ratio was 1 i 6.35 by weight with 39 percent sand. The
cement-water ratio by weight was 1.70. The physical properties of the
concrete are given in Table 3.
To permit the placement of strain gages, the lugs on one side of
the deformed bars were ground off over a length of about 2 in. at the
desired locations. The reinforcement was then assembled to form a mat
and placed in the forms. The proper spacing was provided by placing the
longitudinal reinforcement in a jig and welding spacer bars to it, and
then wiring the transverse reinforcement to the longitudinal reinforcement
at the intersections. The projecting ends of the spacer bars provided
the elevation of the mat necessary for the proper cover of 1/2 in. A
typical arrangement of the reinforcement is shown in Fig. 5.
The concrete was mixed in a non-tilting drum mixer of 6.5 cu ft
capacity. Each slab was cast continuously from 7 batches. Four 6 x 12-in.
control cylinders were made from each batch. The concrete was placed in
the forms, which consisted of a plywood bottom and steel channel sides,
with the aid of a vibratory screed and hand vibrators. After the initial
set, the concrete was struck off with a two by four plank, trowelled
smooth, and allowed to cure in the forms under moist burlap for seven days.
At the end of this period the forms were removed and the slab and control
cylinders were coated with white paint.

5- Slab Thickness and Cover over Reinforcing Bars
Because of accidental variations in the test specimens the
actual thickness of slabs differed somewhat from the nominal thickness,
and in the individual slabs, both the thickness of the slab and the cover
over the bars varied somewhat from point to point. The actual thickness
of the slabs was measured by means of a caliper-type device, the closed
section of which was immovable and which had a movable vertical rod at
one side and a stationary 0.001-in. dial indicator at the other side of
the open section. The device was set with a known thickness between the
rod and the dial indicator and any change in reading gave the thickness
of the slab at that point. The depth of the slab was measured along the
longitudinal centerline of each panel and on both sides of the supports.
The cover over the reinforcing bars was obtained by measuring the distance
from the outer surface of the slab to the bar at the positions where the
concrete had been removed to allow for the placement of strain gages.
Although the cover over the bars at locations where the concrete had not
been removed had to be estimated from the closest measured values, and
the thickness of the slab over the supports had to be taken as the average
of the two values on either side of the support, the dimensions obtained
are believed to be reasonably accurate. The thickness of slab and the
cover over the reinforcing bars for all sections of each slab are listed
below. The values given are the average in inches over the three center
gages of each section, where d is the thickness of the slab, d^ is the
cover from the top of the slab to the center of the top transverse bar,
and d, is the cover from the bottom of the slab to the center of the
bottom transverse bar.

Actual Slab Thickness and Cover Over Reinforcing Bars
Slab S-l S-2 S-3 S-4
Loc. d d
t *b
d s *b d dt db d dt db
AB 3.79 .99 .70 3.00 .73 .71 3.56 .83 .69 3.58 .72 .81
BC 3.96 1.08 .74 3.58 .76 .75 3.70 .84 .69 3.50 .73 .74
CD 4.02 1.19 .72 3.57 .78 .76 3.56 .87 .67 3.62 .74 .75
DE 3.95 1.21 .70 3.61 .77 .80 3.73 .90 .73 3.00 .75 .73
B 3.90 .99 .72 3.67 .73 .73 3.59 .83 .69 3.56 .72 .78
C A. 01 1,17 .73 3.59 .78 .76 3.66 .84 .68 3.56 .73 .75
D 4.00 1.21 .71 3.61 .77 .78 3.69 .90 .70 3.61 .74 .74
6* Description of Test Apparatus
The loads were applied to the slabs by means of either a screw-
or hydraulic-type jack, bearing against an overhead loading frame which
was anchored to the floor of the laboratory. Elastic-ring dynamometers
with capacities of 50,000 and 125,000 lb were used to measure the load
which was transmitted to the slab through steel disks having a diameter of
7i" in. and resting on pieces of sponge rubber to insure an even distribu-
tion of the load. When two loads were applied simultaneously, a distribu-
ting beam and rollers were used to transmit the load to the steel loading
disks. The setup of the testing apparatus for cracking tests is shown in
Fig. 6.
All strains in the reinforcement were measured with 1-in. gage
length type A-12, SR-4 electric strain gages and a Baldwin Southward
Portable Strain Indicator, Type K. The gages were attached after the slab

8was cast. To provide access to the reinforcing bars small holes were
formed in the slab by wooden blocks which extended to the surface of the
slab and were wired to the reinforcement prior to casting of slabs.
Several gages were placed on the concrete to detect initial cracking.
Locations of the gage lines are shown in Figs. 1, 2 and 3.
Settlement of the steel-bearing plates was determined by welding
small brackets to the plate and measuring the movement of the latter with
a deflectometer bearing against the floor of the laboratory and equipped
with a 0.001-in. dial indicator. The deflection of the slab at midspan of
the panel was also measured by the same means. The settlement of the
bearing plate was measured as a check on the assumption that the simulated
beams were non-deflecting.

III. THEORETICAL ANALYSIS
All theoretical moments used in this thesis were obtained from
Bulletin No. 336 of the Engineering Experiment Station of the University
of Illinois, "Moments in I-Beam Bridges" by N. M. Newmark and C. P. Siess.
Since the slabs rested on practically non-deflecting piers, the dimension-
less coefficient H was taken equal to infinity. The coefficient H is a
measure of the stiffness of the beam relative to that of the slab.
7» Assumptions of Theoretical Analysis
In analytical studies of moments in continuous reinforced concrete
bridge slabs it is assumed usually that:
(1) The resultant of the normal stresses acting on any cross-
section of the slab is a pure couple.
(2) The material in the slab is homogeneous, elastic, isotropic,
and of constant thickness.
(3) Flexural strains vary linearly through the depth of the slab.
(U) The supporting beams exert only vertical forces on the slabj
there is no shear between the top flange of the beams and the bottom of
the slab.
(5) The reaction of the beam acts on the slab along a line, and
is not distributed over a finite width.
(6) A beam and the slab directly over it deflect alike; that is,
the slab does not separate from the beams.
N. M. Newmark and C. P. Siess, "Moments in I-Beam Bridges," Univ. of
111. Eng. Exp. Station Bull. 336, 194-2, pp. 8-9.
1 •'.'
1 «' •
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(7) The edge beams on either side of the bridge are located at
the edge of the slab.
(8) Both the slab and the beams are simply supported at the ends
of the span.
It is obvious that some of these assumptions are definitely not
valid in the case of the test slabs. In general, cracking of the slab
causes a lack of homogeneity of the structure, that is the stiffness of
the slab varies from section to section. With different amounts of longi-
tudinal and transverse reinforcement in a section the slab does not remain
isotropic but the stiffness in one direction might differ greatly from that
in another direction. The slabs were free at the ends of the span and not
simply supported as assumed in the analysis. The reaction of the beams on
the slab was not concentrated along a line but was distributed over a width
of 5 in. or 0.14. of the span of the panel. The width of the support and
the torsional stiffness of the support produce a restraint against the rota-
tion of the slab which is not considered in the analysis.
8« Stages in the Behavior of Reinforced Concrete Slabs
When a reinforced concrete slab is tested to failure, the following
loading stages can be noticed;
Stage 1: Uncracked slab which essentially approximates the assump-
tion that the material in the slab is homogeneous, elastic, and isotropic.
The load-strain relationship is represented by a straight line and the
measured strains agree fairly well with the computed theoretical strains.
Stage 2: Progressive cracking; concrete starts to crack when the
ultimate tensile strength is reached in the extreme fibers. Cracking can
also occur due to shrinkage of concrete. Because of cracking the moment
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of inertia of a section is reduced and higher strain at the section
results, The load-strain curve shows a break at the load of first cracking.
At the cracks, the ooncrete section which resists tension is reduced.
Between the cracks, however, the entire cross section resists the flexural
stresses unless a bond failure has taken place. Hence the stress in the
reinforcement along any one bar does not follow the corresponding moment
diagram, as in a homogeneous, elastic, and isotropic material, but there
are peak-values of stress at the cracks. With increasing load, more and
more cracks form and the capacity of concrete to resist tension is reduced
further. Depending upon the theoretical moments and the arrangement of
reinforcement, there is some tendency for the slab to permit redistribution
of moments. However, there is no marked redistribution of moments until
the steel begins to yield, unless the reinforcement is so arranged that
some sections are considerably over-reinforced and other sections consider-
ably under-reinforced. In the last case cracking would produce an appreci-
ably unequal reduction in stiffness and the stiffer sections would attract
more moment and the less stiff sections would attract less moment than
predicted by the theory.
Stage 3: Slab thoroughly cracked in the working stress range of
reinforcement. This condition is assumed to be satisfied when subsequent
loadings at the same loading position give the same straight line relation-
ship between the applied load and the measured strain. There is no further
redistribution of moments unless at higher loads the stress in the rein-
forcement approaches the yield stress.
Stage 4: Yielding of reinforcement at high loads. After the first
yielding of reinforcement has taken place, the tendency for redistribution
of moments is greater and more and more of the steel participates in
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carrying the load. The actual extent of the moment redistribution depends
upon the arrangement of the reinforcement with regard to the theoretical
moments. If the reinforcement at some particular section yields first,
more moment is thrown to the adjacent sections in which the reinforcement
has not yielded. In any case the yielding spreads into the adjacent bars
at the same section as the load increases to its ultimate value, or until
failure occurs by punching.
N. M. Newmark, "What Do We Know About Concrete Slabs," Civil Engineering,
September 194-0.
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IV. DESCRIPTION OF TESTS
9. Measurements
All strains were measured with electric strain gages. With the
exception of slab S-4-, the strains were measured in the transverse rein-
forcement only. In slab S-4 strains were measured also at four locations
on the longitudinal bars. Slabs S-l, S-2, and S-3 were provided with some
strain gages on the concrete to detect initial cracking. All gage locations
are shown in Figs. 1, 2 and 3. The deflections of the supports and of the
slab at midpanel were measured in the tests of slabs S-2 and S-3«
Essentially, the same tests were performed on each slab in the
following order: cracking tests, influence line tests, tests with simu-
lated wheel loads, and tests to failure.
10. Cracking Tests
Each slab was systematically cracked over the central portion by
the application of a pair of loads at numerous locations indicated in
Fig. 7. The order of application of loads is also shown in Fig. 7. The
loads were applied at 29 positions for slab S-l, and at 21 positions for
slabs S-2, S-3, and S-4. The loads were applied in increments of 500 to
2000 lb. While applying loads at the five first loading positions
(shaded circles in Fig. 7), where the sections were either entirely or
partially uncracked, strains were measured at all gage lines and the progress
of cracking was carefully observed. For the remaining loading positions
only strains at midpanels under the loads and over the support between the
loads were measured, and only the final cracking recorded. In the first
slab, S-l, the maximum cracking load applied was that which produced strains

ucomparable to working stresses. The some maximum load was applied to sub-
sequent slabs except in those cases where this load might have caused the
strain to approach too closely the yield-point strain. The maximum
cracking load ranged from 15 to 22 kips per panel.
The purpose of these tests was to determine the load at first
cracking, the manner of cracking, and to reduce the slab to a cracked condi-
tion for subsequent tests. Settlement of supports and deflections at mid-
spans were recorded for slabs S-2 and S-3.
11. Influence Line Tests
>.^* I IW^ I I I I II. . I* II
After the slabs were cracked, the influence lines for strains in
the transverse reinforcement were obtained by the application of a single
load at twelve positions along the transverse centerline of the slab. The
loads were placed at midspan and 9 in. on each side of midspan in each
panel. The loads were applied twice; at first a load somewhat smaller than
the maximum loads used in the cracking tests was applied in a single incre-
ment and no strain readings were taken. Then the load was applied in
increments of 4.000 lb and strains were read on seven gages located along
the center transverse bar. The purpose of these tests was to give an
easily interpreted comparison of the strains in the transverse reinforce-
ment for any position of loading. It also afforded an easy means of detect-
ing any possible discrepancies in the strains measured at individual gage
lines.
To determine the position of loads to produce maximum strain over
the center support C, a pair of loads was applied at the transverse center-
line of slab S-l. The loads were applied first at midspans of panels BC
•
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and CD, then they were shifted to several other positions toward the
support. Strains were measured at gage lines C, BC, and CD.
12. Tests with Simulated Wheel Loads
A pair of loads was applied at positions AB-BC, BC-CD, and CD-DE
on the transverse centerline of the slabs. The distance of 3 ft between
the two loads corresponded to the standard distance of 6 ft between truck
wheels on a full scale bridge. The loads were applied in increments of
4.000 lb and strains were read at all gage lines. Maximum loads were
approximately the same as those in the influence line tests and somewhat
lower than the loads in the cracking tests* The purpose of these tests
was to obtain a distribution of strain in the transverse reinforcement at
the first three loading positions (Fig. 7).
13. Tests to Failure
The slabs were first loaded with a pair of loads at BC-CD. The
load was increased beyond yielding of the reinforcement until the slob
finally punched beneath one of the loads. Next the slob was loaded to
failure with a pair of loads at either AB-BC or CD-DE, depending upon the
location of punching with loads at BC-CD. The remaining two unpunched
panels were loaded to failure with o single load. In all cases the loads
at the beginning of the test were applied in increments of 3000 to 6000 lb.
When the applied load was lorgor than any previously used load, an increment
of 2000 lb was used. Strain readings were taken at all gage lines unless
the gages were destroyed by a previous punching. The settlement of supports
and deflections at mid-panels were recorded for slab S-2. The purpose of
'.
•
'.
.
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these tests was to determine the location and extent of first yielding
as well as the ultimate or punching load. Since no means were provided
to anchor the slab to the piers, weights of approximately 3000 lb were
placed on the slab along the full length of both supports A and E to
prevent the edges of the slab from lifting. However, the weight provided
was not sufficient since all four slobs lifted along the edges during the
test to failure.
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V. RESULTS OF TESTS
14-* Cracking Tests
The edges of the slabs had lifted due to shrinkage of the concrete
before testing was started. After the cracking tests the edges of slab
rested again on the supports.
The load-strain curves for initial cracking at loading positions U
and 5 are shown as typical load-strain curves in Figs. 8 and 9. Diagrams
of the crack patterns of the slabs are shown in Figs. 10 through 17.
In general, three methods wero available to detect initial cracking
of the slabs: concrete strain gages, visual observation, and initial load-
strain curves for the reinforcing bars. The concrete strain gages, however,
were not too helpful since in most cases the first cracks went either around
the gage or in a direction parallel to it. It is also evident that cracking
occurred at a considerably lower load than the load at which the first
cracks could be observed visually. Perhaps the bost means to determine the
load at first cracking are provided by the load-strain curves. Although
the curves do not always show a sharp break, the load at which cracking
occurred can be determined approximately.
The loads at first cracking, both as determined from the load-strain
curves and observed visually are listed in the following table.
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Load at First Cracking in Kips per Panel
Slab Test
No.
Loc. of
Load
AB B BC CD DE
v ii v l v;
3-1
1-1
2-1
4-1
5-1
5-1
1-1
2-1
3-1
4-1
5-1
BC-CD
AB-BC
CD-DE
22£"W
BC-CD
22^'E
BC-CD
S-2 1-1 BC-CD
2-1 AB-BC
3-1 CD-DE
4-1 20£»W
BC-CD
5-1 20£"E
BC-CD
S-3 1-1# BC-CD
2-1 AB-BC
3-1 CD-DE
4-1 20^'W
BC-CD
20^'E
BC-CD
BC-CD
AB-BC
CD-DE
20i"W
BC-CD
20-£»E
BC-CD
9.5 I 7 11
7.5! 3
4 8 15 10
10
5
8
10
12 7 10
8 | 8
11 ! 3
8
6 8
7
7
10
8 5
7 8
1
7 10 4 5 6
U 7 7 10 U
86
11
1
8
11
i
10
7
2
6
5
7
4 8 8 8 6 8
7 8.5
i
6 H 8 8
8 5 10
8 7
9 7 10
4 5
10 4 8
10 5
L = Determined from the initial load-strain curves
V = Visually obsorved
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First cracking occurred in the range of steel strains from 5
-5
to 20 x 10 . Slabs S-l and S-4. cracked simultaneously in the panels
and over the supports, slab S-2 cracked first over the supports and then
in the panels, and slab S-3 cracked first in the panels.
Cracking over the supports was always in a direction parallel
to the supports with a slight tendency toward a diagonal direction at
some distance from the load position, Figs. 10-13, First cracking in the
panels did not generate in a consistent manner, although the majority of
the cracks was in a direction perpendicular to the supports. After the
cracks under the load had generated in the direction perpendicular and
parallel to the supports, diagonal cracks appeared in all four directions,
Figs. M-17.
For any one of the slabs the cracking was always more extensive
in the outer panels AB and DE than in the inner panels BC and CD, while
the extent of cracking over the supports did not differ greatly for the
three supports, B, C, and D.
In interpreting the effect of the degree of cracking a distinction
should be made between the number of cracks formed in a section and the
extent of cracking as represented by the width of cracks. The number of
cracks formed in the panels depended upon the spacing of the transverse
reinforcementj the smaller the spacing, the larger the number of cracks
formed. Thus slabs S-l and S-2 (Figs. 1U and 15) with a spacing of
Uk in. and 3 3/8 in., respectively, showed in the panels a larger number
of cracks than slabs S-3 and S-4. (Figs. 16 and 17) with a spacing of
6 3/4. in. This relationship between the number of cracks and the spacing
of the reinforcement was not so regular in the sections over the supports.
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Slab S-3 with the smallest spacing of 3 3/8 in. exhibited the largest
number of cracks (Fig. 12), Slabs S-2 and S-4. (Figs. 11 and 13) v/ith a
spacing of 6 3/U in. came next, but slab S-l (Fig. 10) with a spacing of
4."5" in. had the least number of cracks.
The relationship between the applied load and moments and strains
at a section depends upon the stiffness of the slab. Cracking reduces
this stiffness. In these tests, it seemed that the reduction in stiffness
was affected more by the extent of cracking than by the number of cracks
in a section which did not vary over a large range. The cracks in a more
extensively cracked section extend closer to the neutral axis and the
moment of inertia of the section is reduced more than that in a less exten-
sively cracked section. It was observed that the under-reinforced sections,
slab S-3 in the panels and especially slab S-2 over the supports cracked
more extensively than other sections of the same slab.
15. Tests with Simulated Wheel Loads
(a) Distribution of Strain in Transverse Reinforcement
A pair of loads was applied at three loading positions, BC-CD,
AB-BC, and CD-DE. Essentially a straight line load-strain relationship
was obtained as expected for thoroughly cracked slabs. Some typical load-
strain curves are shown in Fig. 18. The distribution of strain in the
transverse reinforcement in the longitudinal direction is shown in Figs. 19
and 20 for the midspan sections of the two loaded panels and for the section
over the support between them. The measured values shown are unit strains
corresponding to a load of one kip per panel. The unit strains were obtain-
ed from the slopes of the load-strain curves for each gage. The strains
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are averaged whenever they are comparable owing to symmetry. Thus the
strain at symmetrically located gages in the same panel as well as the
strains in panels located symmetrically with respect to the loads were
averaged to obtain the unit strain. In panels BC and CD of slab S-2
the strains corresponding to the loading position BC-CD were widely differ-
ent; therefore separate strain distribution curves are shown for each of
the two panels and only the symmetrically located gages in the same panel
are averaged. The center gage over the support C in slab S-l showed
consistently lower strain than the gage on the adjacent bar. This could
have been the result of either loss of bond due to a crack parallel to the
bar or defective attachment of the gage. A more likely curve of strain
distribution is approximated for this gage-line in Fig. 19 as a dashed
line.
The unit strains for strain distribution curves in Figs. 19 and
20 were taken from the load-strain curves for tests with maximum loads
equal to 16 kips per panel. However, the load-strain curves obtained from
tests to failure (Figs. 33-36) show that the distribution would not differ
appreciably for loads up to about 32 kips per panel.
(b ) Steel Moments
The effect of different ratios of positive to negative reinforce-
ment on the distribution of strain is not immediately apparent from
Figs. 19 and 20. In this section an attempt is made to compare the measured
strains on the basis of the section properties of the slabs in the fully
cracked loading stage.
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Until the proportional limit has been exceeded in the reinforce-
ment, the following relationships hold approximately true for steel strains,
stresses, and moments:
s
c =-£-
s En
c
s I
M = 5
en
E I
M = c —
c
where £ = reinforcing steel strain
s
s = reinforcing steel stress
E = modulus of elasticity of reinforcing steel
s
E = modulus of elasticity of concrete
c "
E
n = modular ratio = r-
c
M = bending moment
c = distance from neutral axis to extreme fiber of reinforcing
steel
I = moment of inertia per unit width of the cross section of
the slab, transformed to concrete.
The strain c was measured directly. The value of E was obtained
s c
from tests of control cylinders. The term - depends upon the extent of
cracking in a particular section. For the purposes of this section, it
was assumed that the section was cracked up to the neutral axis and there
was no tension in concrete. The values of pr , hereafter called section
constants, (S.C.), were computed on the basis of cracked transformed
sections for each section of slabs S-l through S-4-. The accidental
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variations in the thickness of slabs and in the cover over the reinforcing
bars presented in the table on page 7 were taken into account. The
computed values of the section constants are as follows:
Location Sectii:>n Constant
-1 7
lb x x 10'
S-l S-2 S-3 S-4
AB 4.97 4.12 7.85 8.21
BC 4.73 4.20 7.46 8.26
CD 4.57 4.23 7.49 7.91
DE 4.62 4.23 7.41 7.91
B 5.37 7.83 4.29 7.98
C 5.50 8.12 4.20 8.02
D 5.60 8.05 4.25 7.92
Thus the resisting moment of steel stresses corresponding to the
cully cracked slab, hereafter called steel moment, is given by
M
st (s.C.)
In presenting the steel moments, the measured strain is reduced to
correspond to a unit load of one kip per panel. It is realized that a
number of uncertainties are encountered in measuring strains in the rein-
forcement. The SR-4 strain gages were placed at the midspans of panels
and over the supports where maximum strains were expected. However,
because of cracking of the slabs, the distribution of strain along a certain
bar might have local irregularities instead of following strictly the
corresponding moment diagram. Hence the steel moments are also subject to
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irregularities. To get a more representative curve of moment distribution
in the transverse reinforcement, the steel moments are averaged for corres-
ponding gages and loading positions; for example, the two symmetrical
gages in panel AB with loads at AB-BC were averaged with the two symmetrical
gages in panel DE with loads at CD-DE,
The distribution of the steel moments in the longitudinal direction
are shown in Figs. 21-25. In general, two phenomena are distinguishable:
the steel moments are considerably smaller than the theoretical moments,
and there is a marked spread between the individual steel moments from
slab to slab. The maximum steel moments are listed according to their
magnitude in the table below:
(1) Maximum Steel Moments in Positive Moment Region at Midpanels
Load ait BC-CD Load sit AB-BC or DE-CD
Panel BC or CD Panel BC or CD Panel AB or DE
Slab M
st.
o/o o/o Slab Mw
st.
o/o o/o Slab Mn
st.
o/o o/o
of of of of of of
Theo. Max.
Mu
st.
Theo. Max.
Mn
st.
Theo. Max.
Mn
st.
Theo. .174 100 Theo. .171 100 Theo . .185 100
S-2 .138 79 100 S-2 .133 78 100 S-2 .163 88 100
S-l .080 & 58 S-l .078 46 59 S-4 .130 70 80
S-4 .080 46 58 S-4 .074 43 56 S-l .113 61 69
S-3 .074 43 54 S-3 .071 41 54 S-3 .103 56 63
The tabulation of maximum steel moments indicates that moments are
not distributed between the positive and negative sections of the slab as
expected when a constant EI for the entire slab is assumed. This assumption
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is also unreasonable; it assumes that the moments are distributed in a
slab of constant stiffness, but the strains at every section are computed
by using the actual moment of inertia, usually that for a cracked section,
which may vary considerably from section to section. The values of I for
fully cracked sections are listed below:
Moment of Inertia for Fully Cracked Sections, in /ft
Section Average
Slab AB
DE
BC
CD
B
D
C Panel 0/0
of Total
Supp. 0/0
of Total
S-l 13.81 14.66 10.85 10.76 14.24 57 10.81 43
S-2 13.74 13-41 8.19 7.71 13.56 63 7.95 37
S-3 8.02 8.36 12.23 12.69 8.19 40 12.46 60
S-4 6.95 6.92 7.14 7.00 6.94. 50 7.07 50
The above listed values of relative stiffness between the positive
and negative sections take into account only the reinforcement in a section.
Since the moment of inertia is also affected by the extent of cracking and
the under-reinforced sections cracked more extensively than others, the
differences in stiffness in slabs S-2 and S-3 are even more pronounced than
indicated in the table above.
According to the values of relative stiffness of sections, the steel
moments in the panels should be in the following order: S-2, S-l, S-4,
and S-3. This agrees almost entirely with the tabulation (1), except for
the moment in panel AB or DE for loads at AB-BC or CD-DE where slab S-4
showed a higher moment than tflab S-l.
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(2) Maximum Steel Moments at Negative Moment Region Over Supports
Load at BC-CD Load at AB-BC or CD-DE
Support C Support B or D
Slab Mq+ o/o of o/o of Slab Mq+ o/o of o/o of
'
&
Theo. Max. Mgt
' Theo. Max. M
gt
Theo. .194 100 Theo. .204 100
S-3 .087 45 100 8-3 .112 55 100
S-2 .077 40 89 8-2 .093 46 83
S-l .071 37 82 s-4 .081 40 72
S-4 .070 36 81 S-l .073 36 65
According to the relative stiffness of the sections, the steel
moments over the support should be in the following order: S-3, S-4, S-l,
and S-2. Moments in slabs S-3, S-4, and S-l follow this order, but the
maximum moment in slab S-2 is relatively higher than would be expected.
To explain this discrepancy, the effect of cracking on the steel moments
will be considered.
(c) Effect of Cracking on Steel Moments
The section constants are computed for fully cracked sections,
assuming no tension in the concrete. Actually concrete carries always
some tension as is indicated by the fact that the steel moments are consid-
erably lower than the theoretical moments. The more a section is cracked,
the larger is the section constant, (S.C) = == ; but because the sections
were not fully cracked the true section constants are smaller than the
computed ones and the true moments larger than the computed steel moments:
c
Mpp,™ = M_ +VMrPRUE St. St. (s.C.) -<? (S.C.)
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where ' M„
.
= additional moment due to tension in concrete
v" (S#C.) = change in section constant due to tension in concrete.
If a slab was cracked to the same extent at all sections so that ^(S.C.)
would always be a certain percentage of the section constant for a fully
cracked slab, the true moments would be proportional to the steel moments
although larger in magnitude. It was observed, however, that the under-
reinforced sections cracked more extensively during the tests than the over-
reinforced sections. Hence the computed section constants and steel moments
are closer to the true section constants and moments in the less stiff
sections than in the stiffer sections. To get the true moments we should
increase the steel moments by a factor, the magnitude of which depends
upon the extent of cracking at the section under consideration. However,
it is impossible to determine the exact extent of cracking at a sectionj
therefore we can say only qualitatively that the stiffer a section, the
larger the factor,
A qualitative comparison can be made by comparing slabs S-2 and
S-3 with slabs S-l and S-4-. The panels and the supports were about
equally stiff in slabs S-l and S-4. whereas the panels of slab S-2 were
stiffer than the supports and the panels of slab S-3 were less stiff than
the supports. If the steel moments are kept unchanged for slabs S-l and
S-4., we should increase the steel moments for the stiffer sections and
reduce the steel moments for the less stiff sections in slabs S-2 and S-3
to get a relative order of magnitude of the true moments in all four slabs.
Thus the steel moments should be changed according to the following scheme:
Increase Reduce
S-2 Panel S-2 Support
S-3 Support S-3 Panel
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In doing this the steel moments fall in the same order as predicted
by the values of the relative stiffness of the sections. One additional
factor involved, the effect of the longitudinal reinforcement, will be
discussed in the follo\d.ng paragraphs.
(d) Moment Areas
The steel moments were based on the condition of fully cracked
sections. As described previously, the true moments differ from the steel
moments because tension in the concrete resists some portion of the total
moment. How much moment is resisted by tension in the concrete depends
upon the extent to which a section has cracked. Here an attempt is made
to estimate the relative extent of cracking between the different sections
of the different slabs.
The slabs are continuous four-span slabs supported on five piers.
The two outer edges are free. When the slab is loaded, both transverse
and longitudinal moments are introduced. It should be noted that here
again as before the term "transverse moment" refers to the direction perpen-
dicular to the supports. The ratio of positive to negative transverse
reinforcement was varied from slab to slab whereas the amount of the longi-
tudinal reinforcement was kept the same in all slabs. Thus the ratio of
the longitudinal to transverse reinforcement changed from slab to slab
according to the following table:
Slab Ratio of Longitudinal to Transverse Reinforcement
Bottom Top
S-l .50 .25
S-2 .375 .375
S-3 .75 .19
S-4 .75 .375
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The effect of the longitudinal stiffness and moments is only to
help to distribute the transverse moment, that is to spread it out along
a shorter or longer width of the slab. The total load has to be taken
finally by the supports. Hence the total transverse moment or the sum
of the positive moment and the average of the negative moments in a span
should remain constant and be independent of how the moment is distributed
between the positive and negative sections.
The areas under the moment diagrams in Figs. 21 and 22 were measured
along a width of 4-5 in., the distance along which the gages were located.
Thus the comparison is based upon the center portion of the moment diagrams
alone, but since the largest variation in the steel moments occurs directly
under the loading disks, it is believed that we still obtain a reasonable
approximation of the extent of cracking. In the table below the moment
areas are given for panel BC or CD and supports C and B or D with loads
at BC-CD.
Moment Areas
Slab BC or CD C B or D BC + £ (C + B)
S-l 101 101 11 157
S-2 130- 95- 11 183-
S-3 97 111 11 158
S-4 113+ 104+ 11 170+
The values of the moment areas are given in relative units. The
signs of plus and minus refer to the estimated effect of the outer portions
of the moment diagrams which lie outside the measured areas.
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Since the true total moment has to remain constant, the total
steel moment is an indication of the extent of cracking of a slab. The
more a slab is cracked, the larger is the total steel moment. Slabs S-l
and S-4 were about equally stiff at all sections and the steel moments
agreed along the transverse center line of the slabs. The three center
gages in Figs. 21 through 25 show nearly equal steel moments. The larger
total moment seems to indicate, however, that slab S-4. was somewhat more
cracked than slab S-l. But since slab S-4 was relatively stiffer in the
longitudinal direction than slab S-l, the transverse moment was carried
out over a longer width than in slab S-l and the intensity of moment at
the load line was reduced. The reduction in the intensity of the moment
and the increase in section constant due to more extensive cracking were
just enough to counterbalance each other at the load line and the steel
moment of slab S-4 remained equal to that of slab S-l. However, at both
sides of the load line, both the intensity of moment and the extent of
cracking were larger in slab S-4 than in slab S-l and as a consequence the
total steel moment is higher in slab S-4. than in slab S-l. Slab S-3 has
almost exactly the same total moment as slab S-l. This could indicate
that the steel moments are in the same proportion to the true moments
in both slabs. It is believed, however, that in slab S-3 the under-,
reinforced panel was cracked more than the over-reinforced support, thus
the steel moments are larger in the panels and smaller over the supports
than those for more uniform cracking. The effect of unequal cracking at
different sections seems to counterbalance each other and the total steel
moment remains unchanged. Slab S-2 has the highest total steel moment,
indicating that slab S-2 had cracked more extensively than any other slab.
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This fact was also observed during testing. Here, two factors contribute
to the extensive cracking. First, slab S-2 is much stiffer in the trans-
verse direction than in the longitudinal direction, it has the smallest
ratio of longitudinal to transverse reinforcement, 0,375. Thus a larger
portion of the moment is taken directly in the transverse direction which
results in more cracking and larger strains under the load line. Figs. 21,
22, and 23 show that the steel moment drops off at both sides of the loading
line. The longitudinal reinforcement is not sufficient to distribute the
transverse moment over any considerable distance. Second, an under-
reinforced section over the support cracks more extensively than an equally
under-reinforced panel. The stiffness of slab over the support is reduced
much more than indicated by considering the amount of reinforcement alone.
Because of grealy different stiffnesses, considerably more moment is thrown
into the panels which results in more cracking and in a pronounced increase
in strain. Moment over the support is relieved, but severe cracking
results in such a large increase in the section constant that strain is
not decreased but even somewhat increased. Thus high steel moments are
introduced both in the positive and negative reinforcement.
(e) Summary
We are primarily interested in the steel stresses in a reinforced
concrete slab. Since stress is directly proportional to strain in the
elastic range, we can limit ourselves to a study of the relationship
between cracking of the slab and strains in the reinforcement.
Cracking introduces two phenomena in a slab: differential reduction
in stiffness, and increase in the section constant.
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Differential reduction in stiffness . — Different amounts of
positive and negative reinforcement in a slab affect the stiffness at a
section in two ways. IJhen all sections are equally cracked, the stiffness
at a section depends on the amount of reinforcement provided: the more
steel in the tensile zone, the stiffer the section. The under-reinforced
sections crack more extensively than the over-reinforced sections, conse-
quently the stiffness of the under-reinforced sections is reduced more and
the stiffness of the over-reinforced sections less than indicated by the
amount of reinforcement. This additional factor is especially important
when an under-reinforced section is located over a support.
Increase in section constant , — The more a section is cracked,
the larger is the section constant. Thus the section constant for an
under-reinforced section increases relatively more than that for an over-
reinforced section.
These two phenomena, the differential reduction in stiffness and
the increase in the section constant, have an opposite effect on the strain
in a section. The more a section is cracked, the larger is the section
constant and the higher should be the strain. But when different sections
have different amounts of reinforcement the stiffness at that section is
decreased simultaneously with the increase in the section constant and an
unequal reduction in stiffness along the slab tends to throw moments from
the less stiff sections to stiffer sections. The net effect of the two
opposite tendencies can be studied with the help of the following table
where the section constants of fully cracked slabs and the measured strains
are listed:
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Comparison Between Strain, and Section Constants
Tests with Simulated Wheel Loads
Load at BC-CD
Support C Panel BC or CD
Slab S.C.
—
/
o/o C o/o S.C.
s
o/o c
s
o/o
S-l
S-2
S-3
S-4
5.50
8.12
4-. 20
8.02
100
148
76
146
39.0 100 4.65
63.1 162 4-22
36.3 93 7.48
56.9 146 8.09
100
91
161
174-
37.3
58.2
55.3
64.9
100
156
148
174-
Load at AB-BC or CD-DE
Support B or D Panel BC or CD Panel AB or DE
Slab S,.C. o/o c
8
o/o S.C. o/o c
s
o/o S .5. o/ o c o/o
s
.S-l 5.4.9 100 42.6 100 4-65 100 36.4- 100 4.80 100 54.1 100
S-2 7.94. 147 74-4 175 4-.22 91 56.0 154- 4-.18 87 68.2 126
S-3 4.27 78 47.8 112 7.48 161 53.5 147 7.63 159 78.5 145
S-4 7.95 U5 66.9 157 8.09 174. 60.0 165 8.06 168 104.7 194
The percentage comparisons in these tables are based on slab S-l
which was about equally stiff throughout the slab.
Load at BC-CD . — Slab S-4 like slab S-l, is about equally stiff
at all sections and agrees very well with slab S-l. These two slabs agree,
however, only under the load line and as discussed before, slab S-4 seemed
to be more extensively cracked so that it should exhibit higher strains
than slab S-l. But because slab S-4 was stiffer in the longitudinal direc-
tion than slab S-l, the intensity of moment under the load line was
decreased enough to counteract the effect of larger section constant.
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Slab S-3 is stiffer over the supports than in the panels. The
stiffer support attracts more moment and the moment in the panels is
relieved. At the same time the under-reinforced panels have cracked
more extensively than the support. Thus the measured strain over the
support is 93 percent instead of 76 percent as indicated by the section
constant, an increase of 22 percent. In the panels the strain is 14-8
percent instead of 161 percent, or a decrease of only 8 percent because of
the increased section constant due to cracking.
Slab S-2 is stiffer in the panels than over the support. Again
moment is thrown to the stiffer portion of the slab, to the panel. And
as pointed out before, the small amount of longitudinal reinforcement
provided tended to concentrate the transverse moment under the load line
rather than carry it out over any longer distance. The combined effect
of the moment redistribution, increase in the section constant, and the
longitudinal reinforcement gives very high strain in the panels, 156 percent
instead of 91 percent, an increase of 72 percent. Over support C we have
a slight increase, 162 percent instead of 14-0 percent. Thus an under-
reinforced support, helped in this case by small longitudinal stiffness,
cracks more extensively than an equally weak panel and causes a relatively-
large redistribution of moments. But despite the relieved moment the under-
reinforced support shows a large strain because extensive cracking has
increased the section constant considerably.
Load at AB-BC or CD-DE . « Slab S-/+ shows slightly higher strain
over support B or D and in panel AB or DE than slab S-l. Only under the
load line in panel BC or CD the measured strain is somewhat smaller. This
indicates that slab S-4. was relatively more cracked than slab S-l. The

35
lower strain in panel BC or CD occurred only under the load line, on
both sides of the load line the strain is higher than for slab S-l.
Slabs S-2 and S-3 show a similar behavior as for loading position
BC-CD.
16. Influence Line Tests
Influence lines for strain in the center transverse bar are shown
in Figs. 26, 27, and 28. Unit strains corresponding to a load of one
kip per panel obtained from the slopes of the load-strain curves for indi-
vidual gages were taken as the measured strains.
To get a basis for an easy comparison between the influence lines
for strain in individual slabs, influence lines for steel moments were
obtained in the same way as were the steel moments for fully cracked slabs:
The measured strain corresponding to a unit load of one kip was divided by
the respective section constant. The steel moments were averaged whenever
they were comparable due to symmetry. The influence lines are shown in
Figs. 29 through 32. It can be seen from these figures that the steel
moments exhibit the same relationships between the relative stiffness of
slabs and the magnitude of moments as those shown in Figs. 21 through 25
•
Slabs S-l and S-4. having approximately the same transverse stiffness
throughout the slab show about equal steel moments at all sections. The
effect of the longitudinal stiffness, as described before, was not distin-
guishable under the loads. The stiff panels of slab S-2, helped by the
small amount of longitudinal reinforcement, attract substantially more
moment than the panels of the other slabs. Sections over the support
should show a decrease in moment but actually show a larger steel moment
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than slabs S-l and S-4. This is caused by the effect of the small amount
of the longitudinal reinforcement provided. Furthermore, the section
constant was increased considerably due to extensive cracking. Slab S-3
shows that the stiff sections over the supports have attracted more
moment and the moment in the less stiff panels has been reduced.
In the table below the measured strains are compared with the section
constants as in the table on page 33 for tests with simulated wheel loads.
The comparison is based on slab S-l as before.
Comparison Between Strain and Section
Constants in Influence Line Tests
AB or DE BC or CD
Slab S.C. o/o
s
o/o S.C. o/o c
s
o/o
S-l 4.80 100 61.6 100 4.65 100 46.3 ICO
S-2 4.18 87 72.0 117 4.22 91 62.0 134
S-3 7.63 159 79.6 129 7.48 161 62.3 136
s-4 8.06 168 106.5 173 8.09 174 75.4 163
B or D C
S.C. o/o c
s
o/o S.C. o/o c
s
o/o
S-l 5.49 100 25.2 100 5.50 100 17.5 100
S-2 7.94 147 45.8 182 8.12 148 30.0 171
S-3 4.27 78 28.8 1U 4.20 76 18.0 103
S-4 7.95 M5 35.9 142 8.02 146 28.2 161
Slab S-4 agrees fairly well with slab S-l. Slab S-3 shows larger
strains in sections over the support and smaller strains in the panels
than indicated by the section constants which proves again that moment
redistribution has taken place. The stiff sections over the support
attracted more moment and the moments In the less stiff panels were relieved.
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Slab S-2 shows that the stiffer panels have attracted more moment with a
corresponding increase in the measured strains, but the extensive cracking
over the supports, as discussed in detail before, is responsible for the
fact that despite the relieved moment the strain is larger than indicated
by the section constant over the supports. And as pointed out before,
the amount of the longitudinal reinforcement in slab S-2 was not large
enough to permit the transverse moment to be carried out effectively on
both sides of the loadj there was a rather large concentration of transverse
moment directly under the loading disk.
It was desired to determine the position of the loads which would
produce maximum negative moment over a support. In tests with simulated
wheel loads a pair of loads was used at the midspans of two adjacent
panels. Thus the loads were 3 ft apart, and since the slabs can be
considered as half-scale models of actual highway bridge floor slabs, this
distance corresponded to a spacing of 6 ft between the I-beams of a bridge
and to the wheel spacing of 6 ft of the standard trucks. Since in practice
a spacing of I-beams wider than 6 ft is sometimes used, the standard wheel
spacing of 6 ft makes it possible for the maximum negative moment to occur
when the wheel loads are closer to the support than the midpoints of two
adjacent panels. It is also conceivable that the maximum negative moment
may be produced by the inner wheels of two trucks in adjacent lanes, in
which case the distance between the loads may be less than 6 ft. It was
found for slab S-l that the maximum strain over support C occurred under
a pair of loads each of which was located 13 in,, or 36 percent of the
panel span, from the support. The increase of strain was very small,
however, amounting to 5-10 percent of the strain with loads at the midpanels.
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17. Comparison Between Theoretical and Steel Moments
The theoretical moments for the positive and negative moment
regions of the test slabs are approximately equal. Slabs S-l and S-4
can be considered as being reinforced according to the theoretical moments
since both slabs have equal amounts of positive and negative reinforcement.
These two slabs showed approximately the same moments under the load line,
although small differences were caused by slightly different ratios of
longitudinal to transverse reinforcement. Thus a comparison could be made
between the theoretical and the steel moments for the case where all sections
were reinforced according to the theoretical moments. This comparison is
based on loads below 16 kips per panel, corresponding approximately to
working stresses in the reinforcement. Inspection of the load-strain
curves for the tests to failure shows, however, that the relationship would
not be appreciably different for loads up to about 32 kips per panel, or
almost up to first yielding of the reinforcement. The results for the
tests with simulated wheel loads and for the influence line tests are
listed below. The averages of the steel moments for slabs S-l and S-4
are taken as the basis for the comparison.
Comparison Between Theoretical and Average Steel Moments for
Slabs S-l and S-4
Tests with Simulated Wheel Loads
Load at BC-CD Load at AB-BC or CD-DE
C BC or CD B or D BC or CD AB or DE
Mom, o/o Mom, o/o Mom, o/o Mom, o/o Mom, o/o
The or. .194- 100 .174. 100 .204. 100 .171 100 .185 100
Steel .071 37 .080 46 .077 38 .076 44 .121 65
Influence Line Tests
C B or D BC or CD AB or DE
Mom, o/o Mom, o/o Mom, o/o Mom, o/o
Theor. .097 100 .111 100 .190 100 .204 100
Steel .033 34 .046 41 .097 51 .130 64
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It is evident from the tabulated values that the sections are not
fully cracked but that concrete takes a considerable amount of tension.
Except for the outer panels AB and DE the steel moments range between
34- and 51 percent of the theoretical moment. In the outer panels the
steel moment amounts to 65 percent of the theoretical one. Cracking tests
indicated that the outer panels cracked more extensively than any of the
inner sections. Thus it seems likely that the higher steel moment is
caused primarily by a larger section constant due to more extensive cracking
rather than by any appreciable change in the true moment.
It is observed that the steel moment is larger in the inner panels
BC and CD (LU to 51 percent) than over the supports C, B, and D (34- to
4-1 percent). This can be explained by the fact that the theoretical moments
were calculated for nondeflecting supports, whereas measurements taken on
the steel plates during testing indicated that the plates deflected as much
as 0.01 in. Furthermore the slabs were supported on plates 5 in. wide or
0.14. of the panel span, whereas the theoretical moments were derived by
considering line reactions. The deflection of the supports would tend to
decrease the negative moments over the supports. The effect of the bearing
plate of finite width rather than a line reaction tends to decrease the
negative as well as the positive moments.
As a whole it seems that if settlement of supports were taken into
consideration, the true moments would agree fairly well with the theoretical
moments for slabs S-l and S-4.. The section constant for inner s ections
,
however, is only about one half that for fully cracked sections. For more
extensively cracked outer panels AB and DE, the true section constant is
about 65 percent of that indicated by the theory for fully cracked condition.
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Slabs S-2 and S-3 which were not reinforced according to the theore-
tical moments shov/ed an effect of moment redistribution. The stiffer
sections attracted more moment which resulted in an increase of strain.
The moment in the less stiff sections was relieved but since the sections
had cracked more extensively than the stiffer sections, strain did not
decrease as much as the smaller moment would indicate. When a section over
a support was under-reinforced, the effect of cracking on the section
constant was especially noticeable, and despite smaller moment the measured
strain increased. But, as pointed out before, the small amount of the longi-
tudinal reinforcement influenced the behavior of slab S-2 so that it is not
possible to determine how much of the increase in strain was caused by the
concentration of transverse moment rather than by the increased section
constant.
The test slabs are a special rather than a general case of continuous
reinforced concrete slabs. The theoretical moments are approximately equal
at all sections and slabs S-l and S-/+ can be considered reinforced accords
ingly. Thus we have about the same moment and an equal amount of reinforce-
ment at all sections. In the general case the theoretical moments may be
of different magnitudes at different sections. The effect of cracking on
moments in such a slab can be estimated somewhat as follows:
The theoretical moments are usually derived by considering a slab
of uniform stiffness. If the slab is reinforced according to the theoretical
moments, the same degree of cracking would leave the more heavily reinforced
sections stiffer than the sections with less reinforcement. Thus the stiff
sections would attract even more moment than given by the theoretical
analysis and moments at less stiff sections would be relieved. It is not

uexpected, however, that all sections crack to the same extent. The
thickness of the continuous slab is determined from the maximum moment,
usually for balanced design condition. At sections of smaller moments the
slab remains over-designed in compression. Thus the compressive stresses
are smaller, and if it is assumed that the tensile strength of concrete is
a certain percentage of the compressive strength, a larger part of the
concrete is likely to take tension at the sections of smaller moments than
at the sections of larger moments. Hence the sections of larger moments
crack more extensively than the sections of smaller moments. The unequal
cracking reduces the change in stiffness which could be expected by consider-
ing the amount of reinforcement alone and decreases the tendency for moment
redistribution. But, since the section constants are also affected by
cracking, the total effect of cracking can be summarized as follows. The
larger theoretical moments are somewhat increased and the smaller theoretical
moments somewhat reduced by the differential change in stiffness, and the
changes in moments are less than when considering the relative amounts of
reinforcement alone. The difference in strain is more pronounced. At
sections of larger moments, both the moment is larger than the theoretical
moment and the section constant has increased relatively more than at other
sections. Both of these factors tend to increase the strain at the section.
At sections of smaller moments the opposite is true, the moment is smaller
and the section constant has increased less than that for the section of
larger moments. These factors tend to reduce the increase in strain. In
practice, however, when concrete is not assumed to take any tension, the
actual strain in the tensile reinforcement never reaches the computed value.
The above discussion shows only that at sections of larger moments the
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actual strain reaches a higher percentage of the theoretical strain
than at sections of smaller moments.
18. Tests to Failure
(a ) Yielding of Reinforcement
The load-strain curves for the center gages in panels BC and CD
and over support C for the initial test to failure are shown in Figs. 33
through 36» In these tests a pair of loads was applied at BC-CD.
During the test to failure the edges of the slab lifted even with
the additional weight that had been placed upon them. The edges lifted
as much as
-i in. along the entire length of supports A and E at a load of
46, 44» 4-0, and 42 kips per panel for slabs S-l, S-2, S-3» and S-4, respect-
ively. There was also some lifting of the slab at the ends of each interior
support along a length of 18 to 24 in. due to the dishing action of the slab,
Since some of the load-strain curves do not exhibit any sharp break
at first yielding, it is assumed that the first yielding of the slab rein-
forcement occurred at the load at which the strain reached a value of
-5
170 x 10 , the yield strain determined in tensile tests of the reinforce-
ment. It is assumed further that the residual strains which ranged from
13 to 36 x 10 at the beginning of the tests to failure represent released
shrinkage stresses; hence the yield point strains have not been corrected
for the residual strains. Loads in kips per panel which produced first
yielding as determined from the uncorrected yield point strains are shown
in the following table:
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Load at BC - CD
Slab BC C CD
S-l 46 47 44
S-2 36 32 28
S-3 36 43 36
S-4 32 32 31
If the yield point strains had been corrected for the residual
strains, the loads at first yielding would have been reduced by approxi-
mately L, to 6 kips per panel. A sharp break in the load-strain curves,
which is a more representative criterion for the capacity at general
yielding, can be noticed in Figs» 33 and 34 at the following loads in
kips per panel:
Slab BC C CD
S-l 50 50 50
S-2 44 36 36
S-3 38 38 44.
S-4 42 34 36
Some of the above values are questionable. The center gage of
slab S-2 over support C seems to have slipped partially when yielding
occurred. The center gage of slab S-3 over support C shows a gentle break
at a load appreciably lower than the load corresponding to the yield point
strain of the reinforcement. This gentle break seems to indicate yielding
in the panels which resulted in shifting more moment to the section over
support C with a consequent increase in strain.
In general, several difficulties are encountered in trying to deter-
mine exactly the load at first yielding. It is not possible to take into

account the effect of the residual and shrinkage stresses. It was assumed
that the residual stresses at the beginning of the tests to failure were
counterbalanced by the released shrinkage stresses. Furthermore, not all
gages show a sharp break in the load-strain curves. A gradual bend in the
load-strain curves can be caused by a shift in moments due to moment redis-
tribution. The behavior of one individual gage can be influenced consider-
ably by the formation of cracks around it. Uhen a crack intersects a gage,
the yield strain can be reached at a relatively lower load due to stress-
concentration et the crack. If a crack intersects a bar at some distance
from the gage, the strain along the gage might even be relieved. This can
be noticed in the case of some gages in Figs. 33 and 34.
•
Because of a high degree of statical indeterminancy, the first or
local yielding of some of the reinforcing bars does not affect appreciably
the load-carrying capacity of the slab as a whole. Only when yielding has
spread over a wider distance of the slab are signs of distress noticed in
the slab. The cracks open up and the deflections increase more rapidly.
To study the effectiveness of different ratios of the positive to
negative transverse reinforcement and the effect of the longitudinal stiff-
ness on the transverse moments, the measured strains are plotted against
the applied loads multiplied by the section constants in Figs. 37 through
4-0. The loads were applied at BC-CD and the Eiu-ves are given for the center
gages in panels BC and CD and over support C. If the load-moment relation-
ship remains the same in all slabs and all sections are cracked to the
same extent, the measured strains should be proportional to the applied
load times the section constant, c. = kP(S.C). This means that all curves
s
in Figs. 37-4.0 should fall along the same line. It can be seen, however,
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that there is a marked spread in the plotted curves. This dispersion
could be caused by:
(1) moment redistribution
(2) unequal cracking
(3) effect of longitudinal reinforcement.
Slabs S-l and S-4. which have the same ratio of positive to negative
transverse reinforcement but different amounts of total reinforcement
show approximately similar load-strain curves in Figs. 33-35. The curves
of strain versus load times section constant in Figs. 37-39 have about the
same slope except at higher loads at which the curves of slab S-l exhibit
a gradual bending down. This phenomenon can be explained by the fact that
while the longitudinal reinforcement was the same in all slabs, the load
at yielding of the transverse reinforcement was much higher for slab S-l
than for slab S-4. A comparison of the load-strain curves for the longitu-
dinal reinforcement of slab S-4- (Fig. 41) with those for the transverse
reinforcement (Fig. 35) shows that in this slab the longitudinal reinforce-
ment yielded after the transverse reinforcement. In slab S-l no strain
readings were taken on the longitudinal reinforcement, but because of the
higher applied load, it seems likely that the longitudinal reinforcement
yielded first and caused a shift of moment from the longitudinal to the
transverse direction xd.th a resulting increase in strain. Hence, first
yielding of the transverse reinforcement took place at a lower load than
could be expected if the load-moment relationship had not changed.
The transverse reinforcement in slab S-2 yielded first in the stiff
panel CD, then over support C, and in panel BC (Fig. 36). As can be seen
from the curve of strain versus load times section constant (Fig. 37), the
.1
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load at which panels CD and BC yielded is about 50 percent of that indicated
by the section constant. Yielding at support C occurred about at the
expected load (Fig. 38).
The behavior of slab S-2 can be explained as before by considering
the effects of the longitudinal stiffness, moment redistribution, and unequal
cracking. Since the ratio of longitudinal to transverse reinforcement is
only 0.375, the transverse moment cannot be distributed according to the
theoretical assumptions and there is a concentration of transverse moment
directly under the loads. In a similar manner, the stiffer panels attract
more moment and the moment over support C is relieved. However, since the
section over the support has cracked relatively more than the panels, the
section constant is larger and the strain over the support has not changed
materially.
Slab S-3 yielded first in the less stiff panels at a slightly higher
load than indicated by the respective section constants (Figs. 36-37).
The strain over support C was somewhat higher at lower loads than indicated
by the section constant. After the panels yielded at higher loads, still
more moment was thrown into the section over the support and finally the
section at support C yielded at a load approximately 70 percent of that
indicated by the section constant (Fig. 38). The behavior of slab S-3 can
be explained by the effect of moment redistribution. At lower loads, the
stiff support attracted more moment and the moment in the less stiff panels
was relieved. After the panels yielded, a further shift of moment from the
panels to the support which had not yet yielded took place. No appreciable
effect of the longitudinal reinforcement on the distribution of the moments
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can be noticed because the ratio of longitudinal to transverse reinforce-
ment was 0.75. Thus the transverse moment v/as distributed over a greater
width of the slab rather than being concentrated under the loads.
In the tests to failure, yielding occurred only in the loaded panels
and over the support between the loads. After the first yielding of the
reinforcement at a section, the slab continued to take load. Yielding
spread to other bars in the same section and to other sections. The number
of bars yielding when punching of the slab took place, and the distance
along vrhich the bars were spaced, are given in the following table:
Section
BC CD C
Slab No. Dist. No. Dist. No. Dist.
of Bars in. of Bars in. of Bars in.
S-l 3(5) 9 (18) 3(5) 9 (18) 5 18
S-2 5 13* 5 13* 3 13*
S-3 5 27 3 13* 5 13*
S-4 7 L0% 7 4C£ 7 UO%
The values given in parentheses for slab S-l have the following signi-
ficance. In the panels of slab S-l three bars had yielded when punching
occurred. However, in panel BC two additional bars showed strain which
closely approached the yield strain. In panel CD the two bars adjacent to
the three center bars were not provided with strain gages. It seems likely,
however, that a total of five gages had yielded or were close to yielding
in panel CD.
This table throws some light on the effect of the longitudinal reinforce-
ment on the flexural resistance of the slabs. In the bottom of the slabs
the ratio of longitudinal to transverse reinforcement was 0.50, 0.375» 0.75
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and 0,75 for slabs S-l through S-4- respectively. In general, the larger
this ratio, the more effectively can the transverse moment be distributed
in the longitudinal direction. However, the magnitude of the transverse
moment at a section also influences the spread of yielding. The magnitude
of the transverse moments is determined by the loads on the slab and by
moment redistribution which depends upon the ratio of positive to negative
transverse reinforcement.
In a comparison between slabs S-l and S-4- it is seen that in slab
S-4- seven bars had yielded both in the panels and over support C whereas
in slab S-l only 3 to 5 bars had yielded. In slabs S-l and S-4- the effect
of moment redistribution is not noticeable but the punching load in
slab S-l was about 20 percent higher than in slab S-4-c In slab S-U the
transverse moment is transferred laterally more effectively than in slab S-l
because slab S-4. is stiffer in the longitudinal direction. This comparison
would show a greater effect of the longitudinal reinforcement on the behavior
of these two slabs if consideration were given to the fact that the transverse
moments are about 20 percent higher in slab S-l than in slab S-4- due to the
higher punching load.
In slabs S-3 and S-4. the direct effect of the longitudinal reinforce-
ment is not apparent because of differences in the magnitudes of the trans-
verse moments caused by moment redistribution.
The ultimate capacity of the slabs was determined by their resistcnce
to punching failure. The ultimate flexural capacity of the slabs was not
reached before failure by punching took place.
(b) Punching of Slabs
The.qur.ntitative knowledge pertaining to punching failures of
reinforced concrete slabs is rather limited. Many variables are involved.
I
U9
In this series of tests some of the variables which are likely to affect
the unit shearing stress , namely the diameter of the loading disk and the
amount of the longitudinal reinforcement, were held constant. In order to
throw more light on the relatively unknown phenomenon of punching of slabs,
a brief resume of a restudy of the University of Illinois Engineering Experi-
ment Station Bulletin No. 314* "Tests of Reinforced Concrete Slabs Subjected
to Concentrated Loads" by F. E. Richart and R. U. Kluge is presented in this
section together with a discussion of slabs S-l through S-4-. As far qs
possible, the effect of any one particular variable has been determined
from a group of tests in which the other variables have been kept constant.
(1) Slabs S-l through S-4.
The ultimate load-carrying capacity of the slabs was reached when a
punching failure took place. For a pair of loads at BC-CD the punching
failure occurred in either panel BC or CD in a violent and sudden manner
after the maximum load had been on the slab for about a minute. The 7-^in.
diameter loading disk made a clean circular hole of the size of the loading
disk in the top of the slab. On the bottom of the slab the diameter of the
punched out cone was about 2% ft. The failure for a pair of loads at either
AB-BC or CD-DE occurred in panel AB or DE, respectively, and was not sudden.
The loading disk made a clean hole only on the side away from the edge
support A or E while the side toward it failed by diagonal cracks spreading
out to a width of about 2 ft at the edge of the slab.
The loads which produced punching were as follows:
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Slab Location of
Punching Loads
Location of
Punching Failure
Punching Load
in kips
per Panel
S-l BC-CD BC 58.0
CD-DE DE 43.
3
CD CD 54.-3
AB AB 41.3
S-2 BC-CD CD 46.0
AB-BC AB 33.2
DE DE 35.7
BC BC 46.0
S-3 BC-CD CD 48.0
AB-BC AB 34.0
BC BC 44.0
DE DE 32.0
S-4 BC-CD CD 48.0
AB-BC AB 30.0
BC BC 42.0
DE DE 32.0
The average punching loads in panels BC and CD vere 24, 40, 28, and
43 percent larger than the average loads producing first yielding in the
same panels as predicted by the yield point strains for slabs S-l, S-2, S-3,
and S-4 respectively.
The conventional method of computing unit shearing stresses considers
the total load resisted by a circular area (D + 2d) in diameter and distance
jd deep, or
P
v =
(D + 2d) jd
where P = ultimate load
D = diameter of loading disk
d = effective depth of slab
jd = the lever arm of resisting moment,
... - : ~ . -.
. , . .
•
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The values of v/f when the unit shearing stress is computed from this
c
formula are as follows:
Slab
i
f
c
psi
First Punched
Inner Panel
Second Punched
Inner Panel
Average of Two
Outer PanelB
AB and DE
v/f
c
v/f
c
. i
v/f
' c
S-l 5600 .081 .073 .061
S-2 5020 .089 .088 .065
S-3 6110 .068 .061 .048
S-4 6000 .073 .067 .048
Ave. .078 + U.l o/o .072 + 22.2 o/o .056 + 16.1 o/o
- 12.8 o/o - 15.3 o/o - 12.5 o/o
26.9 o/o 37.5 o/o 28.6 o/o
.
t
The percentages given after the average values of v/f are the maxi-
mum deviations from the average.
i
The values of v/f for the first punched inner panel, BC or CD, are
c
somewhat higher than for the second punched inner panel. The average value
of v/f for the two outer panels, AB and DE, is considerably lower than the
corresponding values in panels BC or CD. This seems to indicate that the
punching load is affected by the condition of edge restraint of a panel.
Furthermore, it can be noticed that in all panels the values of v/f are
higher for slabs S-l and S-2 than for S-3 and S-4. This difference seems to
be related to the different amount of transverse steel in the bottom of the
panels. The amount of longitudinal steel was the same in all slabs, but
the spacing of positive reinforcement was 4"&» 3 3/8, 6 3/4 and 6 3/4 in.
for the slabs S-l through S-4 respectively.
LIBRARY
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To consider the effect of different amounts of the positive trans-
verse steel, the shearing unit stresses were computed by the following
formula
:
P
v =
(D + 2d) kd
where kd = the depth of the compression zone, computed by the conventional
straight-line no-tension theory. The following unit stresses were obtained:
Slab First Punched Second Punched Average of Two
Inner Panel Inner Panel Outer Panels
AB and DE
v/f
;
v/f; v/f;
S-l 0.257 0.230 0.188
S-2 0.239 0.238 0.177
S-3 0.251 0.230 0.176
S-4 0.283 0.256 0.186
Ave. 0.258 + 9.7
17.1
o/o
o/o
o/o
0.239 + 7.1
- 3.8
10.9
o/o
o/o
o/o
0.182 + 3.3 o/o
3-3 o/o
6.6 o/o
It can be seen from this and the previous table, that the use of kd
t
rather than jd reduces the spread in the values of v/f for the various
slabs by an average amount of 63 percent.
(2) Slabs Reported in Bulletin No. 3M-
Two groups of slabs were tested. The first group comprised
of eighteen 5-ft square slabs, simply supported on two edges and subjected
to a single central load applied through a distributing disk or ring. All
slabs were identical and the only variable was the size of the loaded area,
varying from 2 to 14 in. in diameter. The conventional method for computing
•.
..
.
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i
the unit shearing stresses gives values of v/f which decrease with an
increasing diameter of the loading area (see Table 5 on page 62 of the
bulletin).
This discrepancy may have been caused by one or both of the two
following factors. First, the conventional method considers the punching
load resisted by a circular area (D + 2d) in diameter and distance jd deep.
This shearing area, however, might not take account properly of the size
effect of the loaded area. Since the distance jd was kept constant in
all slabs, any discrepancy must have been caused by the term (D + 2d).
And second, the punching load varied with the size of the loading disk;
the larger the loading area, the larger the punching load. Since the total
static moment in the central cross section of the slab is directly propor-
tional to the applied load and the extent of yielding is determined by the
moment, the slabs punched with large disks had yielded more extensively
before punching than those punched with smaller loading disks.
It was desired to find whether some circular shearing area other
than (D + 2d) in diameter would yield consistent results. The shearing
p
unit stresses were computed from the formula v = for several
(D + xd) jd
values of x. Consistent values of v were found for x = A with a correspond-
ing value of v/f = 0.032. However, the use of an area (D + 4-d) in diameter
c
to compute the shearing unit stress does not seem to have a rational basis.
Evidently the extent of yielding of the reinforcement must influence the unit
shearing stress. This effect has been noticed previously in connection with
reinforced concrete column footings.
Since the extent of yielding depends upon the moment at a section,
it seems likely that it could be taken into consideration by the ratio of
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the actual moment to the moment producing yielding in all reinforcing
bars at the section. In the following analysis the slabs are considered
as 5-ft wide beams. The actual moment is computed as the total static
moment for a given punching load, M = P j in-kips. The yield moment M
is computed from Jensen's formula. Thus the moment ratio is equal to
M
g
P £ in-kips p
*y"
=
625 in-kips
=
U2^
Since in these tests the distance jd as well as the distance kd were
constant, and it was found previously that kd was a better criteria for
unit shearing stresses, the unit shearing stresses were computed from the
formula
42 kips (D + xd) kd
!
for several values of x. The most consistent values of v/f were obtained
c
for x = 1.75, although the consistency was almost equally good for x = 2.
v/f
;
1.75 0.165
+10 o/o
2 0.153
The second group of tests was confined to two 20-ft wide rectangular
slabs, simply supported on the two long edges with a span 6 ft 8 in.
V. P. Jensen, "Ultimate Strength of Reinforced Concrete Beams as Related
to the Plasticity Ratio of Concrete", Univ. of 111. Eng. Exp. Station
Bull. 345, 1943.
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The slabs were subjected to a single concentrated load 2 in. or 6 in.
in diameter which was applied successively at a number of points on the
slab. It appeared that the location of the load point had little effect
upon the value of the maximum load developed. The following shearing
p
unit stresses were obtained from the formula v =
, where P
(D + 2d) kd
is the average punching load for any one slab:
Slab Disk
in.
Pav.
kip
V
psi
i
f
c
psi
v/f'
' c
1 6 83.5 809 3710 0.218
2 6 79.6 805 4.220 0.192
2 2 60.5 802 4.220 0.191
Ave. 0,20
The results of the second group of tests are used later in evaluating
the effect of the longitudinal reinforcement on the punching loads.
(3) Summary of Punching of Slabs
The following summarizing remarks bring out that the variables
enumerated below have an effect on the magnitude of the load producing
punching:
Compressive strength of concrete.
Size of loaded area.
Amount of reinforcement in the direction of the span,
as represented by the distance kd .
Edge restraint of the panels.
Extent of yielding.
Amount of reinforcement in the direction perpendicular
to the span.
The square slabs of Bulletin 314 show a variation in the conventional
values of v/f for different diameters of the loading disk. For x = 4-
c
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a consistent set of values was found but this alternative was disregarded
as not having a rational basis. However, by taking into consideration
the effect of different extent of yielding, consistent values of v/f
c
were obtained for x = 1.75. Since the agreement was about equally good
for x = 2, the latter value was adopted as a constant by which the effect
of the size of loaded area can be taken into consideration.
The conventional value of v/f was found to be related to the amount
c
of the positive steel in the direction of the span. The use of jd as the
. i
depth of the circular shearing area results in higher values of v/f for
sections having a larger amount of tensile reinforcement. The use of the
distance kd, the depth of the compressive area, improved substantially the
agreement between the individual values of v/f • The distance kd was
primarily determined by the amount of tensile reinforcement, the compressive
reinforcement in a section of the test slabs had a relatively unimportant
effect on the location of the neutral axis.
.
i
The conditions of end restraint of a panel affect the value of v/f •
c
For the present series of slabs the following values were obtained:
Location of Punching v/f
First punched inner panel .26
Second punched inner panel .24-
Average of outer panels .18
. i
It can be seen from this tabulation that the highest value of v/fQ
was obtained for the first punched inner panel and that there is a consider-
able difference between this value and those for the two outer panels*
Since the first inner panel was punched with a pair of loads, the panel in
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which punching occurred can be considered fixed at one edge and continuous
at the other edge. The second inner panel was punched with a single load,
and both edges of the panel were thus continuous. However, the continuity
of the second panel had been somewhat destroyed because of the previous
punching of the two adjacent panels. This seems to be the reason why the
.
»
value of v/f was slightly lower for the second punched inner panel than
c
that for the first punched inner panel. The outer panels were punched
with either a single load or a pair of loads on the slab. Thus one edge
of the panel was simply supported and the other edge either fixed or contin-
uous. The value of v/f was considerably lower than that for the first
c
punched inner panel. Summarizing, it can be concluded that the value of
. «
v/f decreased as the degree of continuity of the punched panel decreased.
C
So far no method has been found to take into consideration the effect
of edge restraint. If, however, a four-span continuous beam with equal
concentrated loads at the center of each span is considered, the ratio of
the positive moments in the outer ancf inner panels is equal to 1.4-7. The
ratio of the values of v/f for the first punched inner panel and the outer
c
panels equals 1.4-1 which suggests that the moment on a section influences
the maximum load which can be developed. It is easily conceivable that
the final punching is the result of the combined effect of shear and flexur-
al compression, either the principal shearing stress or the principal
compressive stress governing the failure.
In the case of the square slabs of Bulletin 314 an effect of the
extent of yielding was noted on the shearing resistance of the slabs.
However, this effect is not apparent in the case of continuous or wide
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slabs. If the values of v/f were plotted against the moment ratio
c
M
rp- which is an indication of the extent of yielding of the reinforcement,
we would obtain a decreasing value of v/f as the moment ratio increases.
It seems likely, however, that after a certain extent of yielding the
M
» ' a
v/f versus — curve might level off so that the unit shearing resistance
c M
y
of the slab would remain practically constant for any further increase in
the extent of yielding. It is believed that with the steel percentages and
. i
loading areas used, all wide and continuous slabs showed values of v/f
r
M
slabs had yielded enough so that any further yielding did not reduce their
resistance to punching.
That the amount of reinforcement in a direction perpendicular to
the span has an effect on the punching load can be seen from the following
tabulation.
c
on the straight line portion of the v/f versus — curve. That is, all
c
P v/f'
perpendicular to span c
Slabs S-l through S-4
First punched inner panel 0.4-8 0.26
Second punched inner panel 0,48 0.24.
Outer panel 0.48 0.18
Bulletin 314.
5-ft-square, simple span 0.42 0.12 (0.15)
20-ft-wide, simple span 1.25 0.20
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In connection with slabs S-l through S-A it was noted previously
that the value of v/f decreased as the degree of continuity of the punched
c
slab decreased. This can be seen also from the table above. Since the
slabs reported in Bulletin 314. were simply supported on two opposite
. t
edges, the corresponding values of v/f should be somewhat lower than those
C
of the outer panels of slabs S-l through S-4- which were simply supported
on one edge and continuous at the other edge, and considerably lower than
those of the inner panels which were continuous at both edges. The value
of v/f for the 5-ft square slabs lies in the expected region. In this
c
. r
tabulation v/f = 0.12 was computed for the most extensively yielded slab,
. i
v/f = 0.15 corresponds to the previous analysis where the moment ratio
C
was considered. The 20-ft-wide slabs, however, show a much higher value
. i
of v/f than expected. This can be explained by the fact that the amount
c
of reinforcement perpendicular to the span was about 2-g- times greater in
the wide slabs than in the continuous slabs, whereas the 5-ft square slabs
and the continuous slabs had approximately the same amount of reinforcement
in that direction. Thus it can be concluded that the resistance to punching
of slabs increases as the amount of reinforcement perpendicular to the
span increases.
The above discussion is not meant to be a quantitative statement
regarding the phenomenon of punching of slabs. It is realized that the
test data available are not sufficient to give a satisfactory explanation
of the effects of the many factors involved. It is hoped, however, that
the points brought out in this study might be useful in future research
in a field where our present knowledge is limited indeed.

60
VI. General Summary and Conclusions
19- Summary
Variables
In a theoretical analysis reinforced concrete slabs are considered
elastic, homogeneous , and isotropic. The more closely these conditions
can be approximated in actual slabs, the better is the agreement between
the theoretical and measured strains. Moments at a point of the slab are
affected by the ratio of the transverse stiffnesses in the positive and
negative moment regions and by the ratio of longitudinal to transverse
stiffness at the point under consideration. The magnitude of the measured
strains depends on both the moment and the section constant at that section.
In the four test slabs the theoretical moments were approximately
equal at both the positive and negative moment sections. Thus the ratio
of the transverse stiffnesses depends on the ratio of the positive to
negative transverse reinforcement used in the slabs and on the effect of
nonuniform cracking. The longitudinal reinforcement was the same in all
slabs. Thus the varying ratio of positive to negative transverse reinforce-
ment also changed the ratio of longitudinal to transverse stiffness from
slab to slab. The magnitude of the section constants depends upon the
extent of cracking at individual sections.
Crack Development
-5
First cracking occurred at a steel strain of 5 to 20 x 10
Slabs S-l and S-4. cracked simultaneously in the panels and over the
support; slabs S-2 and S-3 cracked first in the under-reinforced sections,
slab S-2 over the support and slab S-3 in the panels. Cracking was always

61
more extensive In the cuter panels AB and 12 than in the inner panels
and over the supports. The under-reinforced sections, especially slab S-2
over the supports, cracked more extensively than other sections. Cracking
introduces two phenomena in a slab: Reduction ir. stiffness, and increase
in section constant from, that for the urcracked state to that fcr the
cracked condition.
Slabs 5-1 and s-l
In slabs S-l and S-i, the ratio of positive t-o negative transveri"
reinforcenent was unity although the total arcunt :: reirfcrescent in S-c
was only two-thirds of that in S-l, and both of these slabs cracked to
about the sane extent in the panels and over the supports. Thus, the
stiffness of the slabs W3S reduced uniformly ar.d the section constants
increased unifomly, the slabs retaining about the sane stiffness over the
supports and in the panels. Pros moment areas it was concluded that slat
S-£ was cracked somewhat nore extensively at all sections than slab S-l.
This could have ceen caused either by the fact that slab S—_ had only tvc
thirds of the reinforcement provided for slab S-l, or by the fact that the
spacing of the transverse reinforcing cars was 51 percent greater in slab
S-4. than in slab S-l.
It was noted, however, that the steel aonents fcr slabs £-1 end
S-4 agreed at the center gages under the load line. This is explained by
the effect of the longitudinal stiffness. The ratio of longitudinal to
transverse reinforcement was 0.5C ir. slab S-l ar.d r.^f in sla: £-_. Thus
the transverse nonent was concentrated nore -under the lead lire in slab
S-l than in slab S-4. Since the intensity of nonent under the load lioe
in slab S-4. was smaller than in slab S-l whereas the section constant was
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larger due to more extensive cracking, the measured strain remained
practically unchanged and the steel moments at the center gages of the
slab agreed fairly well with those for slab 8-1 • Farther away from the
load line, however, both the intensity of moment and the section constant
were larger in slab S-4- than in slab S-l and consequently the steel moments
were higher. This accounts for the higher total moment.
Except for the small differences in the extent of cracking and
in the longitudinal stiffness, slabs S-l and S-A behaved in a similar way.
The steel moments amounted to about 50 percent of the theoretical moments
at the inner sections and to about 65 percent at the outer panels AB and
DE. The steel moments were based on fully cracked sections with no tension
in the concrete. The discrepancy between the steel moments and the theore-
tical moments could have been caused by two factors : concrete carried a
considerable part of the tension, and the reactions were distributed along
a bearing plate 5 in. wide or 0.14. of the panel span rather than along a
line as assumed in the theoretical analysis. The larger steel moments in
the outer panels are attributed to the fact that the outer panels cracked
more extensively than the inner panels and over the supports. The steel
moments at supports B, C, and D were slightly less than 50 percent of the
theoretical moments, mainly because of the slight deflection of the
supports
•
Slabs S-2 and S-3
In slabs S-2 and S-3 the reinforcement was not distributed
according to the theoretical moments but some sections were over-reinforced
and some were under-reinforced. Different amounts of reinforcement at
different sections are a potential source of nonuniform reduction in
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stiffness. If cracking were uniform, the sections having more reinforce-
ment would remain stiffer than sections having less reinforcement. However,
since the under-reinforced sections cracked more extensively than the over-
reinforced sections, the differential reduction in stiffness is even more
pronounced than indicated by the amount of reinforcement. Non-uniform
stiffness results in a redistribution of moments, stiffer sections attract
more moment than a theoretical analysis would indicate. The effect of
moment redistribution is partially counterbalanced, however, by the effect
of cracking on the section constants. The under-reinforced sections crack
more extensively than the over-reinforced sections and the section constant
of an under-reinforced section thus increases relatively more than that of
an over-reinforced section. The relieved moment at the less stiff sections
is counteracted by the larger section constant. It was seen in the table
on page 33 that the under-reinforced panels of slab S-3 showed but slightly
smaller strains than predicted by the section constants. The under-
reinforced sections over the supports of slab S-2 had even somewhat higher
strains than expected. In this case, however, the longitudinal stiffness
of the slab had an effect on the distribution of the transverse moment.
This added effect will be discussed separately. The stiff over-reinforced
sections attract more moment but since the section constants increase
relatively less, the full increase in moment is not noticeable in the
measured strains. Still the increase in strain in the over-reinforced
sections of slabs 5-2 and S-3 is percentage-wise larger than the decrease
in strain of the under-reinforced sections. It is also observed that an
under-reinforced section over a support cracks more extensively than an
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equally under-reinforced section in a panel and causes a relatively large
redistribution of moments.
The ratio of the longitudinal to transverse reinforcement in
slab S-2 was only 0.375. Thus the longitudinal stiffness is very much
different from that assumed in a theoretical analysis where an isotropic
slab is considered. The transverse moment cannot be distributed according
to the theoretical considerations but there is a concentration of moment
directly under the loading disks. This fact tends to increase both the
positive and negative transverse moments at the load line. In slab S-l
the ratio was 0.50, and some concentration of the transverse moment
relative to slab S-4 with a ratio of 0.75 was noted. Thus in slab S-2
with the smallest ratio of longitudinal to transverse reinforcement the
effect of moment concentration should be still larger. However, it is
impossible to separate the effect of moment concentration from the effect
of moment redistribution in the transverse direction, since these two
phenomena occurred simultaneously in slab S-2. In slab S-3 the ratio of
longitudinal to transverse reinforcement was 0.75 in the panels, thus the
magnitude of the measured strains is mainly influenced by the redistribution
of moments, modified by the section constants as described previously.
In tests with simulated wheel loads and in the influence line
tests the magnitude of the steel moments expressed as a percentage of the
theoretical moment varied as follows:
Slab Supports Ave. Inner Panels Ave. Outer Panels Ave.
S-l 33,36,37,41 37
S-4 36,37,40,41 38
S-3 45,45,55,61 52
S-2 39,40,46,52 44
46,46,53 48 61,63 62
43,36,49 46 65,70 68
41,43,44 43 51,56 54
77,78,79 78 85,88 87
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As it is seen from the above tabulation, the average steel moments in
slab S-3 are considerably higher at the over-reinforced aupports than in
slabs S-l and S-<4, an increase from about 38 percent to 52 percent of the
theoretical moment. At under-reinforced panels some decrease is noticeable.
In slab S-2 there is a very large increase in the steel moments in the
over-reinforced panels; in the inner panels the moments amount to 79 percent
and in the outer panels up to 88 percent of the theoretical moments. Some
of the difference between slabs S-2 and S-3 is attributed to the different
longitudinal stiffnesses. It is believed, however, that even with an equal
longitudinal stiffness the under-reinforced section over a support would
crack more extensively than an equally under-reinforced panel and would
cause a more severe redistribution of moments. This phenomenon may be
associated with differences in crack patterns; the crack patterns show
that at sections over the supports cracks are concentrated over a relatively
narrow width just above the bearing plates whereas a panel cracks over a
wide area.
Unequal Positive and Negative Theoretical Moments
Although no test data is available relating to the general case in
which the theoretical moments may be different at different sections of a
reinforced concrete slab, an attempt was made to estimate the effect of
cracking on the redistribution of moments. This case was discussed on
pages 4.0 and 4.1.
Yielding of Reinforcement
In tests to failure, essentially the same load-strain relationship
was observed as in tests within the working stress range of the reinforce-
ment. Slabs S-l and S-4 showed similar load-strain curves except that in
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slab S-4. the transverse reinforcement yielded before the longitudinal
reinforcement, whereas in slab S-l the longitudinal reinforcement seemed
to have yielded first, causing a shift of moments from the longitudinal
to the transverse direction and producing yielding of the latter before
the load indicated by the section constants. Slab S-2 yielded first in
the over-reinforced panel CD, then over support C and in panel BC. The
severe redistribution of moments and the effect of the longitudinal rein-
forcement caused the stiff panels to yield at about 50 percent of the load
indicated by the section constants. In slab S-3 the redistribution of
moments was not enough to cause yielding of the over-reinforced support
first, but the first yielding took place in the under-reinforced panels at
slightly higher load than predicted by the section constants due to the
relief in moments caused by the moment redistribution. After the panels
yielded, more moment was shifted to the section over the support and finally
the support yielded at a load of about 70 percent of that indicated by the
section constants.
After first yielding of the reinforcement the slabs continued to
take load and yielding spread to other reinforcing bars. However, before
the ultimate flexural capacity of the slabs could be developed, the slabs
failed by punching.
Punching of Slabs
. i
A fair agreement between the values of v/f at punching failure
in individual slabs was found when the unit shearing stress v was computed
on a circular area (D + 2d) in diameter and distance kd deep. The distance
kd is the depth of the compressive zone and is determined primarily by the
tensile reinforcement in the section, the compressive reinforcement having
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but little effect on the location of the neutral axis in these slabs.
The amount of reinforcement perpendicular to the span, in this case the
longitudinal reinforcement, remained the same in all four slabs and it was
not possible to obtain quantitative information regarding its effect. The
location of punching, in either an inner or outer panel, was observed to
influence the punching load. It is believed that final punching is a
failure either in principal shear or in diagonal compression, the magnitude
of which depends on both the shearing and the flexural compression stresses
in the section. Thus the condition of edge restraint of a panel influences
both the moments and the flexural stresses as well as the punching load
which can be developed in a section. The extent of yielding has the same
effect as the flexural compression, It was concluded, however, that after
a certain amount of yielding has taken place, the punching load is practi-
cally independent of any further yielding. The explanation seems to lie
in the fact that before yielding cracking is less extensive and a larger
compressive area resists punching, whereas when yielding develops, the
compression area is reduced but after a certain amount of yielding has
taken place, no further appreciable reduction in the compressive area
occurs.
20. Conclusions
(1) The slabs cracked in both the positive and negative moment
regions. The effect of the ratio of the positive to negative transverse
reinforcement on the manner and degree of cracking was as follows: For
equal amounts of positive and negative reinforcement, all sections cracked
simultaneously and to the same degree, except that the outer panels always
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cracked more extensively. For unequal amounts of positive and negative
reinforcement, the under-reinforced sections cracked first and more
extensively than the over-reinforced sections. The more extensive cracking
was especially pronounced when a section over a support was under-reinforced,
(2) The first or local yielding of some of the reinforcing bars did
not affect appreciably the load-carrying capacity of the slabs as a whole.
Only when yielding spread over a greater width of a slab were signs of
distress noticed. At the stage, cracks opened up and the deflections
increased more rapidly.
(3) The ultimate capacity of the slabs was determined by their
resistance to punching. A study of the test data of slabs S-l through S-4.
and that for the slabs reported in Bulletin 314- showed that the resistance
of a slab to punching depends upon the compressive strength of the concrete,
the size of the loading disk, the depth of the slab* the amount of the
tensile reinforcement both in the direction of the span and in the direction
perpendicular to the span, the edge restraint of the punched panel, and the
extent of yielding of the slab reinforcement.
(4) The most efficient ratio of positive to negative transverse
reinforcement seemed to be about one to one. The use of this ratio
resulted in practically uniform cracking and uniform reduction of stiffness
of the positive and negative sections of the slabs.
(5) These tests brought out the importance of the longitudinal
reinforcement. Mien the ratio of the longitudinal to transverse reinforce-
ment was small, the transverse moment could not be distributed effectively
in the longitudinal direction. To avoid concentration of the transverse
moment under the loads, the amount of longitudinal reinforcement in the
bottom of a panel should be at least 50 percent of the transverse reinforce-
ment.

Table 1
DETAILS OF TEST SLABS
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Slab S-l S-2 S-3 S-4
Width, feet 8 8
Spacing of beams, feet 3 3
Nominal depth of slab, inches rt 3"
*
3k
8
3*
Slab reinforcement
Longitudinal
Top Spacing, inches 9 9 9 9
p, percent 0.50 0.50 0.50 0.50
Bottom Spacing, inches 18 18 18 18
p, percent 0.25 0.25 0.25 0.25
Transverse
Top Spacing, inches & 6 3A 3 3/8 6 3/U
p, percent 0.87 0.58 1.16 0.58
Bottom Spacing, inches
p, percent
4i
0.87
3 3/8
1.16
6 3A
0.58
6 3A
0.58
All bars No. 3 (3/8 in.) deformed intermediate grade meeting
ASTIi Designation A305-50T.

70
Table 2
PHYSICAL PROPERTIES OF REINFORCEMENT
(All bars No. 3 deformed)
Number of Yield Point, Ultimate Strength, Elongation
Tests psi. psi. in 2 in., percent
5 47,750 73,500 31.0
10* 46,850 71,100 24.5
The lugs on one side were ground off along a length of a bout
2 in. to allow for the placement of gages.
Table 3
PHYSICAL PROPERTIES OF CONCRETE
(Obtained from 4 x 8-in. cylinders)
Slab Age at Test
Days
Number
of Tests
Compressive
Strength, psi.
Modulus of Elasticity
psi x 106
S-l 36
55
10
10
5300
5600
4.17
4.03
S-2 32
76
12
12
4950
5020
4.06
3.97
S-3 29
44
10
9
6000
6100
4.44
4.23
S-4 35
49
12
13
6000
5340
4.72
4.48
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